Optical bound states in the continuum (BICs) provide a way to engineer resonant response in photonic crystals with giant quality factors. The extended interaction time in such systems is particularly promising for enhancement of nonlinear optical processes and development of a new generation of active optical devices. However, the achievable interaction strength is limited by the purely photonic character of optical BICs. Here, 1 arXiv:1905.13505v1 [cond-mat.mes-hall]
(f) Wavevector-dependent peak position (black) and amplitude (red) extracted using Fano-like fits for antisymmetric mode near BIC location; blue squares show peak positions shifted due to a 9 nm hBN layer. (g) Extracted wavevector-dependent linewidth (black) and Q-factor (red), together with corresponding simulation results (dashed lines) corrected for experimental resolution and scattering losses.
-pitch p = 500 nm, groove width w = 220 nm, and depth d = 90 nm -are controlled through scanning electron (b) and atomic force (c) microscopy characterization (also see Supplement). The chosen geometry is expected to result in a photonic band structure for the TE mode (E-field along bars) shown schematically in Fig. 1d , with an optical BIC state formed on the antisymmetric mode at Γ point. 18 We measure the PCS band structure via angle-resolved reflectance spectroscopy in a back focal plane setup with a slit spectrometer coupled to a liquid nitrogen cooled imaging CCD camera (Princeton Instruments), using white light from a halogen lamp for illumination (see Supplement for details). Fig. 1e shows experimental differential reflectance spectra for varying angle, where signal from un-patterned Ta 2 O 5 /SiO 2 /Si substrate is subtracted for clarity: δR(α, ω) = R PCS (α, ω) − R sub (α, ω). Three modes -one broad symmetric and two narrower antisymmetric -are clearly observed in the figure, in agreement with theory in the region indicated by a red dashed box in (d). We fit the lower-energy antisymmetric mode using Fano line shape
2 ) with resonance frequency ω 0 , linewidth γ, and asymmetry parameter q, which arises due to the interference with the broad symmetric mode and even broader Fabry-Perot response of the layered substrate.
Extracted fit parameters are plotted in Fig. 1f ,g as functions of the in-plane wavevector component k x /k 0 . Towards the Γ point (k x → 0), the reflectivity associated with the mode sharply decreases (f, red), while the spectral line narrows (g, black) resulting in sharply increasing Q-factor (g, red), defined as Q = ω 0 /γ. This behavior is characteristic of an at-Γ optical BIC, 19 where pairs of outgoing waves in opposite directions interfere destructively, resulting in light being trapped in the near field, with vanishing far-field radiation and therefore asymptotically diverging Q-factors.
We then create polaritons by coupling the observed BIC to excitons in monolayer MoSe 2 .
To this end, we mechanically exfoliate multilayers of hexagonal boron nitride (hBN) and a single layer of MoSe 2 from commercial bulk crystals (HQ Graphene) and stack them vertically via dry transfer to form a hybrid 1L MoSe 2 /hBN/PCS structure as illustrated in Fig. 2a .
To maximize the Q-factor of resulting polariton modes, we use large-area hBN and We observe polaritons in the hybrid MoSe 2 /hBN/PCS system through angle-resolved reflectivity and photoluminescence (PL) measurements in a back focal plane setup. The sample is mounted in an ultra low vibration closed cycle helium cryostat (Advanced Research Systems) and maintained at controllable temperature in 7 − 300 K range. For PL measurements, the sample is excited off-resonantly with monochromatic light from a HeNe laser with wavelength λ exc = 632.8 nm.
Results of angle-resolved reflectivity and PL measurements at 7 K for TE-polarized detection are shown in Fig. 2b ,c, respectively. In comparison to We analyze the wavevector-dependent behavior of LPB, UPB, uncoupled neutral exciton, and trion by fitting the PL spectra for each k x with 4 Lorentzian functions We then fit the extracted spectral positions of UPB (ω + ) and LPB (ω − ) with a model for two strongly coupled oscillators, 20 using spectral position and linewidth for the neutral exciton obtained from TM-polarized PLω X = ω X + iγ X and those for the PCS/hBN modẽ
Here, Ω R is Rabi splitting between UPB and LPB. The two fit parameters are the coupling strength g and additional spectral shift δω C of the PCS mode due to the presence of 1L To understand the observed optical response of the hybrid MoSe 2 /hBN/PCS system, we first discuss the results from bare PCS presented in Fig. 1g . While in theory the considered optical BIC should manifest itself by Q-factor diverging to infinity towards Γ point, in an simulations, taking into account the k-dependent experimental spectral resolution due to the 100 µm sample size (see Supplement for details), shows that reasonable agreement can be achieved when accounting for scattering losses through an additional imaginary part of Ta 2 O 5 refractive index δn ∼ 0.003i (Fig. 1g, dashed lines) .
The PCS mode behavior close to BIC is then partly inherited by exciton-polaritons formed in the hybrid MoSe 2 /hBN/PCS structure. The strong coupling regime between 1L
MoSe 2 excitons and PCS mode is confirmed since the extracted from Fig. 3a Rabi splitting of hΩ = 27.4 meV is larger than the sum of the exciton (∼ 9 meV) and PCS mode linewidth (∼ This provides attractive opportunities for extending polariton-polariton interaction time for future enhancement of nonlinear optical effects; however, such "dark" states then should be accessed through near field or via nonlinear frequency conversion. Second, close to Γ point polaritons possess negative effective mass and associated negative group velocity inherited from the PCS mode, in contrast to recent work on PCS/TMD strong coupling. 16 Third, strong variation of the PCS mode Q-factor around BIC results in wavevector-dependent linewidth and Q-factor of both LPB and UPB.
Quantitatively, polariton linewidth γ ± is expected to vary between that of exciton (γ X ) and PCS mode (γ C ) depending on the excitonic fraction in the polariton. However, our
experimentally observed values of polariton linewidth (Fig. 3b , open circles) are significantly smaller than both γ X (green) and γ C (black). We attribute this to the large inhomogeneous broadening of MoSe 2 exciton line in our sample, caused by disorder on various length scales, from point and line defects on atomic scale to strain-and charge-induced inhomogeneities on the micron-size scale. 23 The large polariton coherence length and velocity compared to those of excitons result in averaging over disorder, which effectively reduces the polariton linewidth via motional narrowing.
24-27
Since Rabi splitting well exceeds the inhomogeneous exciton linewidth in our case, polariton linewidth close to the anticrossing point (ω C (k 0 x ) = ω X ) will be defined through only the homogeneous contribution γ h X to exciton linewidth. 28 We describe the experimentally ob- in the dependence of polariton linewidth on the effective mass, 29 which is incorporated in our model as
where M ± , m X are effective masses of polaritons and exciton, respectively, and C ± , X ± are Hopfield coefficients:
Agreement between the model (Fig. 3b, As a result of disorder averaging, the Q-factors achieved for polaritons around Γ point in our structure are higher than those for the bare PCS mode (Fig. 3c) , reaching Q ∼ 900.
This provides potential for further improvement of polariton linewidth through fabrication of macroscopic photonic crystal samples 3 with improved surface quality and use of large TMD flakes grown by chemical vapor deposition. We note that, for wavevectors close to Γ point, the experimental polariton line is narrower and the corresponding Q-factor is larger than those predicted by the model. The origin of this discrepancy is yet unclear and can be related to an additional increase in the PCS mode Q-factor close to BIC due to the monolayer MoSe 2 acting as a top mirror.
Further, the strongly k-dependent Q-factor of the PCS mode in the vicinity of the BIC enables precise control of polariton linewidth and corresponding Q-factors via angle tuning.
Temperature-dependent exciton frequency in monolayer MoSe 2 allows tuning the wavevector k 0 x of the anticrossing point (ω C (k 0 x ) = ω X ) in the vicinity of the BIC for, e.g., maximizing
Rabi splitting or polariton lifetime. In future, other approaches to exciton tuning can be utilized, based on controllable strain or electrostatic gating.
In addition to the upper and lower polariton branches described above, our experimental PL spectra (Fig.2c) show emission close to the frequency of uncoupled neutral exciton in 1L
MoSe 2 with a slight redshift of ∼ 1 meV, which we explain as follows. In our sample, the excitons in TMD couple to both antisymmetric (BIC) and a symmetric mode of the PCS.
However, the symmetric mode is detuned by an energy larger than the characteristic Rabi splitting. The symmetric mode thus couples very weakly to the exciton resulting only in a small yet observable red shift of the excitonic mode (see open orange circles in Fig. 3a ).
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